The effect of aging on contour integration  by Roudaia, Eugenie et al.
Vision Research 48 (2008) 2767–2774Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresThe effect of aging on contour integration
Eugenie Roudaia a,*, Patrick J. Bennett a,b, Allison B. Sekuler a,b
aDepartment of Psychology, Neuroscience and Behaviour, McMaster University, Hamilton, ON, Canada
bCentre for Vision Research, York University, Toronto, ON, Canada
a r t i c l e i n f o a b s t r a c tArticle history:




Orientation0042-6989/$ - see front matter  2008 Elsevier Ltd. A
doi:10.1016/j.visres.2008.07.026
* Corresponding author.
E-mail addresses: roudaia@mcmaster.ca (E. Roudai
Bennett), sekuler@mcmaster.ca (A.B. Sekuler).Perception of global patterns requires the integration of local orientation information across space. The
present study examined whether this integration ability declines in older age. We measured contrast
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Age-related changes in visual function have an important im-
pact on the lives of an ever-growing number of healthy elderly per-
sons. Declining visual function has been found to be associated
with decline in perceptual as well as cognitive abilities of older
adults (Salthouse, Hancock, Meinz, & Hambrick, 1996; Skeel, Schu-
tte, van Voorst, & Nagra, 2006). Although the optics of the eye
change considerably with age (Savage, Haegerstrom-Portnoy,
Adams, & Hewlett, 1993; Weale, 1988; Weale, 1963; Winn, Whi-
taker, Elliott, & Phillips, 1994), they are insufﬁcient to account for
age-related declines in visual function such as acuity, spatial or
chromatic contrast sensitivity or orientation discrimination (Atch-
ley & Andersen, 1998; Bennett, Sekuler, & Ozin, 1999; Betts, Sekul-
er, & Bennett, 2007; Betts, Taylor, Sekuler, & Bennett, 2005; Elliott,
Whitaker, & Macveigh, 1990a; Hardy, Delahunt, Okajima, & Wer-
ner, 2005; W, 1982). Observed age-related declines in motion per-
ception, bilateral symmetry perception, spatial integration, and
orientation discrimination are thought to be related to changes
in cortical mechanisms (Andersen & Ni, 2008; Bennett, Sekuler, &
Sekuler, 2007; Betts et al., 2007; Del Viva & Agostini, 2007; Dela-
hunt, Hardy, & Werner, 2008; Herbert, Overbury, Singh, & Faubert,
2002; Norman, Ross, Hawkes, & Long, 2003); for reviews see (Fau-
bert, 2002; Sekuler & Sekuler, 2000; Spear, 1993;Werner, Peterzell,
& Scheetz, 1990). When asked to describe their visual problems,
older adults tend not to report difﬁculty in simply detecting ob-
jects, but often report having slower visual processing capacities,
difﬁculty perceiving the meaning of complex scenes, and organiz-ll rights reserved.
a), bennett@mcmaster.ca (P.J.ing parts of the visual scene into a meaningful whole (NRC, 1987,
p.7, as cited in Sekuler & Sekuler, 2000).
To derive a meaningful percept of a scene, the visual system
must perform several important steps, including integrating indi-
vidual features into global shapes, segregating objects from their
background, and ﬁlling in missing information caused by occlu-
sion. Detecting and discriminating contours is a critical process
in all of these tasks. The visual system’s ability to perceive con-
tours has been extensively researched in young adults. For
example, there have been numerous studies examining the
detection of contours embedded in a cluttered background
(e.g., Achtman, Hess, & Wang, 2003; Altmann, Bülthoff, & Kourt-
zi, 2003; Field, Hayes, & Hess, 1993; Hess, Beaudot, & Mullen,
2001; Hess et al., 1997; Kovàcs & Julesz, 1993; Mathes & Fahle,
2007; Nikolaev & van Leeuwen, 2007; see Hess & Field, 1999;
Hess, Hayes, & Field, 2003, for reviews). These studies typically
show that people are best at detecting contours composed of
elements whose local orientations are aligned along the global
contour path, suggesting that contour detection relies on the
integration of orientation information across space. Local orien-
tation information also appears to be important when identifying
a global shape in the absence of background noise (Bonneh &
Sagi, 1998; Saarinen & Levi, 2001). For example, Saarinen and
Levi (2001) measured the contrast needed to identify the loca-
tion of a gap in a ‘‘C’’-shaped contour composed of locally-ori-
ented Gabor elements that were either all aligned tangential to
the ‘‘C’’-contour path, all orthogonal to the path, or of mixed ori-
entations (randomly oriented tangential or orthogonal). Thresh-
olds were lowest when the local elements were tangential to
the global contour path, suggesting that the perception of a glo-
bal shape or contour is facilitated by the alignment of local ori-
entations along the contour path.
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gration, little is known about how contour integration is affected
by aging. Previous research using psychophysical methods showed
that the tuning of human orientation channels remains intact in
older age (Delahunt et al., 2008; Govenlock, Taylor, Sekuler, &
Bennett, submitted for publication; Govenlock, Taylor, Sekuler, &
Bennett, 2006), suggesting that older adults encode local orienta-
tions just as well as younger adults. However, older subjects ap-
pear to be impaired at tasks that require the integration of local
information across space, such as curvature discrimination (Lega-
ult, Allard, & Faubert, 2007), bilateral symmetry (Herbert et al.,
2002), and perceptual completion (Richards, Bennett, & Sekuler,
2006; Salthouse & Prill, 1988). A recent study (Del Viva & Agostini,
2007) examined the effect of aging on contour integration by com-
paring younger and older subjects’ ability to detect closed circular
shapes embedded in noisy backgrounds. Subjects had to locate a
chain of Gabor elements oriented tangentially to a circle in a ﬁeld
of distracter Gabor elements with random positions and orienta-
tions. Detection thresholds were obtained for circles with different
inter-element distances by varying the relative density of dis-
tracter Gabors. The older group was found to have lower sensitivity
than the younger group for all inter-element distances tested, and
this impairment was not correlated with age-related declines in
contrast sensitivity. This ﬁnding provides preliminary evidence
for an age-related decline in cortical processes involved in contour
integration. However, it is not clear whether the age-related
changes were due to changes in contour integration mechanisms
per se. It has been shown that contours composed of tangentially
aligned elements that are also in a single spatial phase, like those
used by Del Viva and Agostini (2007), may be detected by using
simple linear ﬁlters (Hess et al., 1997; Hess & Field, 1999) rather
than mechanisms that integrate information across different orien-
tations. Moreover, some evidence suggests that higher-order
grouping strategies are involved in the detection of closed contours
(Kovàcs & Julesz, 1993; Mathes & Fahle, 2007). Additionally, Del
Viva and Agostini presented stimuli for relatively long durations
(approximately 1 s), and therefore it is not clear whether age dif-
ferences in attentional search strategies or eye movements con-
tributed to the observed age differences. Finally, the study by Del
Viva and Agostini does not examine the effect of background clut-
ter on age differences in contour integration. In particular, it is not
clear if age differences persist in the absence of clutter.
The goal of the present study is to investigate the effect of aging
on contour integration in the absence of background noise, under
conditions that let us disentangle the relative roles of contour inte-
gration and higher-order linear ﬁltering and grouping. For this pur-
pose, we adapted the paradigm used by Saarinen and Levi (2001) to
measure contrast detection thresholds for younger and older sub-
jects discriminating among ‘‘C’’ shaped patterns composed of Ga-
bor elements. By varying the orientation of Gabor elements along
the ‘‘C’’ contour, we examined the effect of local orientation on glo-
bal shape identiﬁcation.2. Experiment 1: ‘‘C’’ orientation discrimination
2.1. Methods
2.1.1. Subjects
Twelve younger (M ¼ 21:3 years; SD ¼ 2:54) and 12 older
(M ¼ 68:4 years; SD ¼ 3:5) adults were recruited from our bank
of subjects to take part in the study, and were compensated for
their time at a rate of $10/hour. Near and far Snellen acuities and
contrast sensitivity were measured for each subject prior to testing
and appropriate corrective lenses were used when required
(Table 1). All subjects had normal or corrected-to-normal acuity,and contrast sensitivity was also normal for each age group as
measured by the Pelli–Robson Contrast Sensitivity Test (Elliott,
Sanderson, & Conkey, 1990b; Mäntyjärvi & Laitinen, 2001; Pelli,
Robson, & Wilkins, 1988). A general health questionnaire was
administered prior to testing, and none of the subjects reported
having any visual disorders or major health problems. All except
one younger and two older subjects visited their optometrist
and/or ophthalmologist less than three years prior to the
experiment. Older subjects also completed the Mini-Mental State
Examination (Folstein, Folstein, & McHugh, 1975) to assess their
cognitive abilities. All scores were within the normal ranges for
subjects’ age and education levels (Crum, Anthony, Bassett, &
Folstein, 1993). Two older subjects were left-handed, and there
were six males and six females in each age group. All the subjects
gave their written informed consent to participate in the study.
2.1.2. Apparatus
The experiment was programmed in the Matlab environment
(version 7.2) using software from the Psychophysics and Video
Toolboxes (version 3) (Brainard, 1997; Pelli, 1997). Stimulus gener-
ation and presentation were controlled by a Macintosh G5 com-
puter using a NVIDIA GeForce 6600 video card and a BITS++
Digital Video Processor (Cambridge Research Systems Ltd., UK)
which provided 14-bit luminance resolution. Mean luminance of
the display was 109 cd/m2. The stimuli were presented in a dark
room on a 20-in. (51 cm) Sony Trinitron monitor with
1280  1024 resolution (pixel size: 0.014 deg) and refresh rate of
75 Hz. The full display subtended 17.2  13.5 degrees of visual an-
gle at a viewing distance of 114 cm. Head position and viewing dis-
tance were stabilized with a chin/forehead rest. Subjects
responded with a standard QWERTY Macintosh keyboard.
2.1.3. Stimuli
Stimuli consisted of 14 Gabor elements presented against a uni-
form gray background and arranged in a global pattern in the
shape of a ‘‘C’’. Gabor elements were created by dampening a sine
wave grating with a spatial frequency of 3 cpd and with either po-
sitive or negative sine phase by a circular Gaussian envelope whose
full width at half its maximum value was 0.25 deg. The global ‘‘C’’
shape was created by placing 16 Gabors on an imaginary circle that
was centered on the screen and had a radius of 1.5 deg. The Gabors
were equally spaced around the circle, resulting in an inter-ele-
ment distance of  0:59 deg, or  1:77 spatial periods of the carrier
grating. The gap in the ‘‘C’’-shaped pattern was created by remov-
ing two adjacent patches in one of four locations: upper left, upper
right, lower left, lower right. The contrast of the Gabors was varied
on every trial by a staircase procedure.
There were four stimulus conditions in this experiment (Fig. 1).
In three conditions, element orientation was varied to determine
the effect of local orientation on contour integration. In the aligned
condition, all Gabor elements were oriented tangentially to the
contour path; in the radial condition, elements were oriented
orthogonally to the contour path; and in the mixed condition,
the tangential and orthogonal orientations alternated. The ele-
ments in the above three conditions all had positive sine phase.
The mixed condition used Gabors with alternating aligned and ra-
dial orientations instead of randomly assigning Gabors to be
aligned or radial (as in Saarinen & Levi, 2001) to avoid situations
where two or more Gabors would be aligned with each other by
chance. A fourth condition was added, which was not included in
Saarinen and Levi’s original study, where the ‘‘C’’ was composed
of elements with tangential orientation, but the phase alternated
from positive to negative sine phase. This condition was included
to examine the possibility that performance in the aligned condi-
tion may result from summation in a simple linear detector with
an elongated receptive ﬁeld (Hess & Field, 1999).
Table 1
Mean 1SD age, near and far Snellen decimal acuity, Pelli–Robson contrast sensitivity, and Mini-Mental State Exam (MMSE)
N Age Near Acuity Far Acuity Pelli–Robson MMSE
Expt 1 12 68:5 3:5 1:21 0:29 1:14 0:31 1:93 0:09 29:3 1:15
12 21:3 2:5 1:57 0:29 1:27 0:27 1.95
Control 12 68:5 3:5 1:21 0:29 1:14 0:31 1:93 0:09 29:3 1:15
11 22:9 2:8 1:55 0:31 1:34 0:35 1.95
Fig. 1. Examples of stimulus conditions. In the aligned condition (a), elements were oriented tangentially to the global contour, and all elements were presented in +sine
phase. In the phase condition (b), elements were also oriented tangentially to the global contour, but the phase alternated between +sine andsine. In the radial condition (c),
all elements were oriented orthogonally to the global contour and, ﬁnally, in the mixed condition (d), the elements alternated between being tangential and orthogonal to the
global contour path. In the last two conditions, all elements had +sine phase.
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Subjects completed the experiment in a single session lasting
approximately 60 min. Stimuli were blocked by condition, and
the order of the blocks was randomized for each subject. Each
block contained 100 trials. The ﬁrst block was preceded by an
adaptation period of 60 s, during which time subjects adapted to
the mean luminance of the screen. Each trial started by presenting
a uniform gray screen with a black ﬁxation point in the centre of
the screen. The ﬁxation point then ﬂickered (alternated between
black and white) for 300 ms at a rate of 10 Hz to attract the sub-
ject’s attention to the centre of the display. After a delay of
500 ms, the ‘‘C’’ shape appeared for 200 ms. To reduce temporal
and positional uncertainty, the stimulus was surrounded by a
high-contrast black circle that was centered on the ﬁxation point
and had a radius of 2 deg. The location of the gap in the ‘‘C’’ was
randomized on every trial. A uniform gray screen with a ﬁxation
point in the centre then appeared for 500 ms followed by a re-
sponse screen (Fig. 2). The response screen consisted of numbers
1, 2, 3, and 4, placed in the four possible locations of the gap (LL,UL, UR, LR, respectively). The subject then indicated the location
of the gap by pressing one of four labeled keys on the keyboard.
Auditory feedback was provided with a high-pitched tone indicat-
ing a correct answer and a low-pitched tone indicating an incorrect
answer. The next trial began immediately after the subject’s
response.
Two interleaved staircases modulated stimulus contrast in
steps of 0.05 log units across trials. A four-down/one-up staircase
and a two-down/one-up staircase converged on the contrasts
needed to correctly identify the location of the gap with 84% and
71% accuracy, respectively. Contrast threshold, deﬁned as the con-
trast needed to perform with 75% accuracy, was determined for
each condition by ﬁtting a Weibull function to combined data ob-
tained from the two staircases.
2.1.5. Results
All analyses were performed on log-transformed data using the








Fig. 2. Procedure used in the ‘‘C’’ orientation discrimination experiment.
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conditions are plotted in Fig. 3. An Analysis of Variance revealed
a signiﬁcant main effect of age (Fð1;21Þ ¼ 70:2; p < :001), indicat-
ing that thresholds were, on average, higher in older subjects. To
assess the effect of element orientation, we performed three
planned linear contrasts. The ﬁrst contrast compared thresholds
in the aligned and phase conditions to thresholds in the radial
and mixed conditions: the comparison was signiﬁcant in younger
subjects (tð11Þ ¼ 7:39; p < :001), but not in older subjects
(t ¼ 0:55; df ¼ 11; p ¼ :60), and an ANOVA conﬁrmed that the
Comparison  Group interaction was signiﬁcant (Fð1;22Þ
¼ 17:591; p < :001). These results indicate that thresholds in youn-
ger subjects, but not older subjects, were signiﬁcantly lower in the
aligned and phase conditions than in the radial and mixed condi-
tions. The second contrast compared thresholds in the aligned
and phase conditions: the comparison was not signiﬁcant in youn-
ger subjects (tð11Þ ¼ 1:84; p ¼ :093) or older subjects (tð11Þ ¼
0:53; p ¼ :61), and an ANOVA found that the Comparison  Group
interaction was not signiﬁcant (Fð1;22Þ ¼ 0:12; p ¼ :73). Hence,
thresholds in the aligned and phase conditions did not differ signif-
icantly in either age group. The third contrast compared thresholds
in the aligned and radial conditions: the comparison was
signiﬁcant in the younger group (tð11Þ ¼ 4:75; p < :001), but nota
Fig. 3. Results of the ‘‘C’’ orientation discrimination experiment. Mean thresholds for (a
represent one standard deviation.the older group (tð11Þ ¼ 0:40; p ¼ :70), and an ANOVA found that
Comparison  Group interaction was signiﬁcant (Fð1;22Þ ¼
6:24; p ¼ :02).
2.1.6. Discussion
This study examined whether the effect of local orientation on
global shape identiﬁcation is affected by aging in the absence of
cluttering background elements. We found that aligning local ele-
ments along the contour path facilitated the identiﬁcation of the
global shape in younger adults, but had no effect on the perfor-
mance of older adults. Our results for the younger group are con-
sistent with previous research (Saarinen & Levi, 2001), where
young subjects showed consistently lower contrast thresholds for
‘‘C’’ shapes in the aligned condition using different Gabor patch
densities and with varying gap sizes. Here, however, we also
showed that younger subjects’ advantage for aligned elements
was not due simply to the use of a higher order linear ﬁlter, as
thresholds for the contours composed of either aligned or phase-
alternating Gabors were lower than those composed of radial or
mixed-orientation Gabors. Instead, the advantage seems to be an
indication of a non-linear contour integration process (Hess et al.,
1997; Hess & Field, 1999).
The pattern of results is quite different for older subjects. Dis-
crimination thresholds were overall higher for older subjects than
for younger subjects, a result that may be caused by overall reduc-
tions in sensitivity with age (e.g., Bennett et al., 1999; Elliott et al.,
1990a; Owsley, Sekuler, & Siemsen, 1983). More interesting, how-
ever, is the critical ﬁnding of a signiﬁcant interaction of agewith ele-
ment orientation in the discrimination task. To the extent that older
subjects can perceive the orientation of individual Gabors, the ab-
sence of facilitation for discriminating aligned contours cannot be
due to reduced sensitivity overall. Instead, the lack of facilitation im-
plies that the mechanisms involved in contour integration are im-
paired in older subjects. The following control experiment was
designed to conﬁrmthat older subjects candiscriminate theorienta-




Twelve younger (M ¼ 22:9 years; SD ¼ 2:81) and 12 older
(M ¼ 68:5 years; SD ¼ 3:48) adults participated in this experiment.b
) younger subjects and (b) older subjects are shown for each condition. Error bars
E. Roudaia et al. / Vision Research 48 (2008) 2767–2774 2771All except three younger subjects had also participated in the previ-
ous experiment. Visual acuity and contrast sensitivity means for
these groups are shown in Table 1. None of the subjects reported
having any visual disorders or major health problems. Two older
and no younger subjects were left-handed and there were ﬁve fe-
males in the younger group and six females in the older group. All
the subjects gave their written informed consent to participate in
the study.
3.2. Apparatus and stimuli
The apparatus and stimuli were the same as those used in the
previous experiment, except that only the aligned and radial stim-
uli were included.
3.2.1. Procedure
A two interval forced-choice procedure (2-IFC) was used tomea-
sure thresholds in three conditions: detecting an aligned ‘‘C’’, detect-
ing a radial ‘‘C’’ and discriminating between an aligned and a radial
‘‘C’’. To reduce temporal and positional uncertainty, each interval
contained a high-contrast black circle that was centered on the ﬁxa-
tion point and had a radius of 2 deg. In the two detection conditions,
one interval contained an aligned or a radial ‘‘C’’, and the subject’s
task was to determine which interval contained the stimulus. In
the discrimination condition, one interval contained an aligned ‘‘C’’
and the other interval contained a radial ‘‘C’’, and the subject deter-
mined which interval contained the aligned ‘‘C’’. In the detection
conditions, the location of the gap in the ‘‘C’’ was chosen randomly
on every trial among four different locations. In the discrimination
condition, the location of the gap also varied randomly across trials,
but was the same for each interval on any given trial.
Each trial began with a uniform gray screen with a ﬁxation point
in themiddle. Theﬁxationpoint alternatedbetweenblack andwhite
for 300 ms at a rate of 10 Hz to attract the viewer’s attention to the
centre of the display. The ﬁxation point then remained black for
500 ms, after which the two stimulus intervals were presented in
succession for 200 ms each, separated by a 500 ms inter-stimulus-
intervalwhenonly theﬁxationpoint remainedon the screen. The re-
sponse screen was then presented 500 ms later until the subject
pressed one of two keys, labeled 1 or 2, that corresponded to the
interval containing the target (Fig. 4).
Two interleaved staircases modulated stimulus contrast in
steps of 0.05 log units across trials. A four-down/one-up staircase
and a two-down/one-up staircase converged on the contrasts
needed to correctly identify the location of the gap with 84% and
71% accuracy, respectively. Contrast threshold, deﬁned as the con-
trast needed to perform with 75% accuracy, was determined for
each condition by ﬁtting a Weibull function to combined data ob-







Fig. 4. Procedure used in the control experiment.each condition in separate blocks of trials, resulting in six random-
ized blocks of 100 trials each. Analyses were performed on the
average of the two thresholds obtained for each condition.
3.2.2. Results
All analyses were performed on log-transformed data using the
statistical computing environment R (R Development Core Team,
2004). One young subject was excluded from all analyses because
two of their thresholds were outside of the range of contrasts that
were presented during the experiment.
Thresholds for both groups are shown in Fig. 5. Thresholds were
higher in older subjects than younger subjects (Fð1;21Þ
¼ 23:01; p < :001) and varied signiﬁcantly across conditions
(Fð2;42Þ ¼ 18:9; p < :001). The Age  Condition interaction was
not signiﬁcant (Fð2;42Þ ¼ 1:76; p ¼ :19). The effect of condition
was analyzed with two planned linear contrasts. The ﬁrst contrast
compared detection thresholds in the aligned and radial condi-
tions: in both age groups, detection thresholds were lower in the
aligned condition than the radial condition (younger:
tð10Þ ¼ 4:8; p < :001; older: tð11Þ ¼ 3:70; p ¼ :003), and an ANOVA
indicated that the value of the comparison did not differ across age
groups (Fð1;21Þ ¼ 0:24; p ¼ :63). Note that this lack of a Compari-
son  Group interaction differs from the result obtained in Exper-
iment 1, which found that the comparison of aligned and radial
conditions differed signiﬁcantly across groups. The second planned
contrast compared discrimination thresholds and detection
thresholds in the aligned condition: The comparison was not sig-
niﬁcant in younger subjects (tð10Þ ¼ 1:51; p ¼ :16) or older sub-
jects (tð11Þ ¼ 0:59; p ¼ :56), and an ANOVA found that the
Comparison  Group interaction was not signiﬁcant
(Fð1;21Þ ¼ 2:32; p ¼ :14).
Examination of Fig. 3 shows that the average ‘‘C’’ orientation
discrimination threshold was approximately 0.065 in older sub-
jects, a value that is much higher than the thresholds shown in
Fig. 5. This observation was conﬁrmed by t tests: in older subjects,
thresholds in the aligned-detection (tð11Þ ¼ 23:2; p < :001), ra-
dial-detection (tð11Þ ¼ 14:5; p < :001), and aligned-radial dis-
crimination (tð11Þ ¼ 28:6; p < :001) conditions were all
signiﬁcantly lower than the average threshold obtained from older
subjects in Experiment 1.
3.3. Discussion
Our control experiment demonstrated that detection thresholds
for aligned and radial ‘‘C’’ stimuli were signiﬁcantly higherFig. 5. Results of the control experiment. Mean thresholds for younger (gray bars)
and older (black bars) subjects are shown for each condition. Error bars represent
one standard deviation.
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this difference in sensitivity can account for the age differences
found in Experiment 1. First, detection thresholds obtained in the
control experiment were much lower than the ‘‘C’’ orientation dis-
crimination thresholds measured in Experiment 1. Therefore, stim-
ulus detectability almost certainly was not a constraint on
performance in Experiment 1. Second, the control experiment
found that detection thresholds were signiﬁcantly lower in the
aligned condition than the radial condition, and that the threshold
difference was the same in both age groups. This result differs from
Experiment 1, which found that the radial-aligned difference was
signiﬁcantly larger in younger subjects. Hence, the results of the
control experiment indicated that the greater sensitivity to the
‘‘C’’ contour that was found in the aligned condition in Experiment
1 only in young subjects cannot be explained by positing that
younger subjects, but not older subjects, are more sensitive to
aligned Gabors than to radial Gabors.
Another possible explanation of the ﬁnding that older subjects
in Experiment 1 performed similarly in all conditions is that older
subjects simply could not discriminate the orientations of the Ga-
bor elements. The results of the control experiment are inconsis-
tent with this explanation. The control experiment found that the
ratio between thresholds measured in the aligned detection and
aligned/radial discrimination conditions did not differ across
groups, and that discrimination thresholds were signiﬁcantly low-
er than the ‘‘C’’ orientation discrimination thresholds measured in
Experiment 1. Both of these results suggest that discrimination of
Gabor orientation was not a strong constraint on the performance
of older subjects in Experiment 1.
The current experiment found that contrast sensitivity was
higher in the aligned condition—in which the Gabor patterns were
oriented tangentially—than in the radial condition. Previous stud-
ies, on the other hand, have shown that contrast sensitivity and
acuity for sine wave gratings presented in the peripheral visual
ﬁeld are higher for radially-oriented patterns than for tangen-
tially-oriented patterns (Johnston, 1987; Rovamo, Virsu, Laurinen,
& Hyvarinen, 1982; Temme, Malcus, & Noell, 1985). However,
those previous studies used relatively small, isolated gratings,
rather than circular arrangements of Gabors like the ones used in
the current experiment. The different results obtained in the cur-
rent experiment are another indication of how detection thresh-
olds for the ‘‘C’’ patterns were inﬂuenced signiﬁcantly by the
spatial arrangement of the Gabor elements, rather than being
determined solely by the elements themselves.
4. General discussion
In ourmain experiment, we found that younger subjects showed
increased sensitivity for discriminating ‘‘C’’ contours composed of
elements aligned tangentially to the contour path, as compared to
contours composed of orthogonally oriented elements or elements
with alternating aligned and orthogonal orientations. In contrast,
older subjects obtained equivalent thresholds in all conditions,
showing no effect of local orientation on their sensitivity for contour
discrimination.Our control experiment indicated that older subjects
could discriminate the orientation of local elements as soon as they
could detect the stimulus.However, discrimination of the global ori-
entation of the contour required a threefold increase in contrast.
These results indicate that the performance of older subjects in the
‘‘C’’ orientation discrimination experiment was not limited by an
inability to detect the local elements and/or orientations. Instead,
our results suggest that aging is associated with a change in the
mechanisms responsible for contour integration.
According to the association ﬁeld theory of Field et al. (1993),
the strongest contour linking occurs between elements of similarorientation that are positioned along their orientation axis and
the strength of association weakens as the relative orientation of
the elements increases or their spatial location becomes inappro-
priate. Similarly, Kellman and Shipley (1991) suggested that relat-
able elements (elements linked along contours without acute
angles) are more readily integrated into contours than other non-
relatable elements (but see Guttman, Sekuler, & Kellman, 2003
for a notable exception to the theory of relatability). Our ﬁndings
for younger adults are consistent with these ideas. Interestingly,
the ﬁndings for older adults suggest that aging affects the function-
ing of orientation-tuned cells that form the association ﬁeld,
resulting in similar performance when discriminating contours
composed of elements with different relative orientations. The nat-
ure of changes that would lead to such a pattern of results remains
to be determined.
The effects of aging on different perceptual abilities vary
greatly. Some visual functions show signiﬁcant declines with age
(e.g., optic ﬂow: Atchley & Andersen, 1998; motion perception:
Bennett et al., 2007; Norman et al., 2003; Snowden & Kavanagh,
2006; Trick & Silverman, 1991; stereopsis: Wright & Wormald,
1992), whereas other functions remain virtually intact (e.g., blur
adaptation: Elliott, Hardy, Webster, & Werner, 2007; temporal
integration: Andersen & Ni, 2008; shape perception: Norman
et al., 2006; Wang, 2001; visual short-term memory: Bennett, Sek-
uler, McIntosh, & Della-Maggiore, 2001; Della-Maggiore et al.,
2000; McIntosh et al., 1999; Sara & Faubert, 2000). One theory pro-
posed to explain this variation suggests that age-related changes in
visual function are more pronounced in functions requiring com-
plex and multiple stages of processing (Bennett et al., 2001; Fau-
bert, 2002; Habak & Faubert, 2000). The reasoning behind this
theory is that any age-related functional declines in processing,
however subtle, will accumulate as the processing complexity in-
creases; thus, age-related changes will become noticeable in sufﬁ-
ciently complex tasks. A related theory suggests that the effects of
aging may be masked by compensatory mechanisms in relatively
simple tasks, but when task requirements are increased, the com-
pensatory mechanisms break down and age effects become appar-
ent (Bennett et al., 2001; Della-Maggiore et al., 2000; McIntosh
et al., 1999; Richards et al., 2006). Consistent with these predic-
tions, Habak and Faubert (2000) found an age-related decline in
the detection of static and moving gratings for complex, second-or-
der stimuli, but not for simple, ﬁrst-order, stimuli. Standard mod-
els of contour integration (e.g., Field et al., 1993; Altmann et al.,
2003) posit that contour integration is an intermediate level task
that requires multiple stages of non-linear processing. Thus, the
age-related declines in contour integration mechanisms observed
in our study are consistent with the processing complexity
hypothesis.
Aging also has been found to affect other intermediate level
processing tasks. For example, Andersen and Ni (2008) examined
the effects of age on spatial and temporal integration using a task
requiring subjects to extract the shape of an object from moving
dots. Andersen and Ni (2008) found that spatial, but not temporal,
integration was impaired in older age. Kurylo (2006) examined the
effect of age on perceptual organization using several visual com-
ponents and found that grouping abilities of older subjects were
impaired for patterns deﬁned using line-orientation and ﬂicker,
but not color or motion. Mechanisms involved in luminance-de-
ﬁned shape perception also appear to be affected by age: Rivest,
Kim, Intriligator, and Sharpe (2004) found that, although percep-
tion of simple elementary shapes is unimpaired, older subjects
show a reduced shape distortion effect compared to young sub-
jects. This effect is thought to be caused by a decline in the inter-
action of shape selective neurons in the ventral stream. Finally, a
recent study found that, under divided attention conditions, older
E. Roudaia et al. / Vision Research 48 (2008) 2767–2774 2773subjects showed a reduced capacity to complete partly occluded
contours (Richards et al., 2006).
Given that the physiology underlying contour integration is not
fully understood, hypotheses on the causes of age-related impair-
ment in contour integration are necessarily speculative. However,
a reduction in the efﬁciency of inhibitory mechanisms could be in-
volved (Leventhal, Wang, Pu, Zhou, & Ma, 2003; Schmolesky,
Wang, Pu, & Leventhal, 2000; Yu, Wang, Li, Zhou, & Leventhal,
2006). Existing theories of contour integration suggest that it is
mediated by long-range interactions among orientation selective
columns, which are characterized by facilitation among cells with
similar orientation preference and having collinear receptive ﬁelds,
accompanied by inhibition among cells with similar orientation
preference and having ﬂanking receptive ﬁelds (Hess & Field,
1999; Hess et al., 2003; Polat, 1999). A dysfunction in the dynamics
of these long-range connections could be responsible for the age-
related impairment that we observed in our study. Betts et al.
(2005) showed that older subjects have reduced spatial suppres-
sion for large, high contrast moving targets, which is consistent
with the hypothesized reduced efﬁcacy of intracortical inhibition
in older age. Interestingly, inhibitory deﬁcits have also been sug-
gested as possible mechanisms for the observed age-related de-
clines in bilateral symmetry detection and spatial integration
(Andersen & Ni, 2008; Herbert et al., 2002), as well as a possible
cause for increased binocular rivalry suppression (Norman, Nor-
man, Pattison, Taylor, & Goforth, 2007).
In conclusion, we have shown that older adults, unlike younger
adults, do not beneﬁt from the alignment of local elements along
the contour path when discriminating low contrast contours. This
result suggests that contour integration mechanisms in older
adults are impaired. Further research is needed to assess the
boundaries of this impairment, and to determine the direct link be-
tween age-related changes in intracortical inhibition and the age-
related decline in contour integration.
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